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. DISPERSOID-TOUGHENED SILICON NITRIDE COMPOSITES*

S.T. Buljan, J.G. Baldoni, M.L. Huckabee, J. Neil, and G. Zilberstein

" ABSTRACT -

This report is a summary of results of a study aimed at the development of silicon
nitride composites of enhanced fracture toughness and strength utilizing particulate
and whisker dispersoids. Composites with 40% higher fracture toughness and 25%
higher room-temperature fracture strength over that of the base silicon nitride
“monolith’’ have been prepared usmg 30 v/o SiC ‘whisker dlspersmds An increase
in fracture toughness of 70% has been observed. at 35 v/o whisker. additions. Both
fracture toughness and strength improvements persist over a wide range of
temperatures (256-1200°C). These. composites exh1b1t excellent oxidation resistance
and improved resistance to slow crack growth and creep at elevated temperatures.

- A process for fabrication of complex composite ceramic parts was developed and
demonstrated. The present study has also provided extensive information regardmg
m10rostructure-property dependence in dispersoid-modified ceramics, which has been
utilized to derive a formal theory of fracture toughness and microstructure relationship.

INTRODUCTION

The apphcatlon of s1hcon n1tr1de as well as other ceramics, in the demandrng
heat engine environment is limited by therr relatively low flaw tolerance. Improve-
ment in the strength, and particularly the fracture toughness, of these materials would
considerably expand their application range and contribute to a more rapid develop-
ment of heat engines.

The development of silicon nitride composites offers a potential for consrderable
improvement in mechanical properties. Optxons 1nclude the development of f1ber and
dispersoid composites and laminates.

Consrdermg the difficulties encountered in the development of ﬁber-relnforced
materials, the utilization of partlculates and Whlskers as toughenrng constltuents'
appears more near-term and ‘to some extent economlcally more appeahng due to
simpler processing Work on such silicon nitride-based comp051tes was initiated in "
the 1970's and early 1980’s.1-5 Intended apphcatlons have directed the research, and
while fracture toughness was an 1mportant issue, it did not dominate all the develop-
ment efforts. Other properties such as hardness and chemical and electrical char-
actenstlcs were given more attentlon for wear, corrosrve env1ronment and electrrcal ‘
apphcatlons ' ' T ' ' el

*Research sponsored by the U.S. "Department of Energy,
Assistant Secretary for conservation and Renewable Energy,
Office of Transportation systems, as . part of the Ceramic
Technology for Advanced Heat Engines Project of the Advanced
Materials Development Program, under contract DE-ACO5- 840R21400
with Martin Marietta Energy Systems, Inc




The concepts of composite toughening by particulate and short fiber dispersoids
are listed in Table 1. The usefulness of some of these can be restricted by severe
application conditions. In advanced heat engines, where lifetimes of 10,000 hours are
a goal, microcracking leads to a reduction in the component strength and the elastic
modulus. Additionally, internal oxidation along microcracks or spalling of microcracked
areas means that the reliability of materials toughened by this mechanism is not
acceptable for such demanding applications.

Table 1. Potential toughening mechanisms for ceramic-matrix composites with
particulate or whisker dispersoids

Mechanism Description

Microcracking Crack interaction with residual strain field around dis-
persoid to create process zone ahead of crack tip

Phase Dispersoid volumetric change by phase transformation

Transformation creating a process zone to shield crack from applied
stress

Crack Crack blunting by dispersoid or line tension impeding

Impediment crack propagation

Crack Surface toughening and crack tilting and twisting during

Deflection propagation around dispersoid caused by thermal expan-

sion mismatch and/or elastic modulus mismatch stresses

Crack Pullout and crack bridging by whisker dispersoids
Bridging

Phase-transformation toughening also has limited promise for Si;N,-based com-
posites. Careful consideration of the various additives that could toughen a Si;N, matrix
by this means has indicated that many of them would combine chemically with the
SiO,-based second phase during consolidation. However, some of them may be appli-
cable in reaction-bonded silicon nitride (RBSN). The utilization of this mechanism has
not yielded the thermal stability required, particularly for applications in engine com-
ponents which are exposed to elevated temperatures for an extended period of time.

Crack impediment by the ductile dispersoids may be another somewhat less
attractive option. It has been shown that in a metal dispersoid/brittle matrix composite,
the advancing crack front may be blunted when it encounters the ductile dispersoid
obstacle, which can deform plastically.¢ The plastic deformation absorbs sufficient
energy to stop crack propagation and therefore toughens the ceramic composite. In
addition to crack blunting, the relaxed stress field around the dispersoid may allow
a second crack blunting interaction to become active, that of line tension. The line
tension effect is analogous to dislocation motion past obstacles as illustrated in Figure
1.7 The stress needed to propagate the bowed segments of the crack front is greater
than that needed to propagate the crack in a dispersoid-free material, hence an increase
in toughness results. Metallic dispersoids, however, restrict the use of composites to




low temperatures due to reducéd oxidation resistance. Some ceramic systems may,
however, provide an altemative. For example, in the SizN,-TiC system, a crack impedi-
ment may become operatlve at high temperatures, since it was reporl:ed8 that TiC
undergoes a brittle-ductile transition between 800 and 900°C. ‘

The predominant toughening mechanism that has so far been explored in com-
posite development for applications in severe environments has been crack deflec-
tion and bridging by crack interaction with the dispersed, hard refractory particulates
or whiskers. The deflection mechanism originates in the presence of a stress field sur-
rounding the dispersoid along the matrix/dispersoid interface, which is caused by ther-
mal expansion or elastic modulus mismatch. A considerable number of potential disper-
soids (e.g., refractory carbides) have higher thermal expansion coefficients than Si;N,
so that the residual strain state in the Si;N, matrix surrounding such dispersoids is,
after densification, radial tension and tangential (hoop) compression. This strain state
tends to divert an advancing crack around the dispersoid as depicted in Figure 2.

BOWED CRACK FRONT

QQ_ ol

PRIMARY DIRECTION OF
CRACK FRONT PROPAGATION

Figure 1. Schematic Representatidn of Crack Bowing Between Dispersoid Particles”
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Figure 2. Schematic Representation of (a) the Residual Stress State Around the Dis-
persoid, Having a Higher Thermal Expansion than the Matrix and (b) Result-
ing Crack Deflection!?

Toughening by crack deflection has been postulated to be independent of disper-
soid size but dependent on dispersoid volume irrespective of the sign of thermal
expansion mismatch stresses. However, this has only been demonstrated in glass-
matrix systems,9-1° which are free of matrix grain boundaries.




The development of composites requires careful consideration of dispersoid shape,
as well as its properties. It has been hypothesized that crack deflection, which pro-
duces tilting and twisting of the advancing crack front, is an effective toughening
mechanism and that the degree of toughening is dependent upon dispersoid shape.
On a theoretical basis,!? rod-shaped particles are predicted to be more effective

~ toughening agents than disc-shaped particles, which are more effective than spheres
(see Figure 3). Toughness increases of up to four times, using rod-shaped dispersoids,
have been predicted. Attempts to develop ceramic composites of this type have met
with limited success.1314 Generally, experimental results have deviated considerably
from predictions based on the assumption of a homogeneous continuum matrix6-12
and from results obtained with glass-matrix composites.? Additionally, the complexity
of composites often results in increased processing difficulties and enlarged process-
ing flaw size. This has at times produced improvements in fracture toughness at the
expense of strength.14
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Figure 3. Theoretical Predictions of Composite Toughening by Dispersoids of Various
Shapes12

The purpose of the present study was to examine the effect of second phase
additions on the fracture toughness of silicon nitride and to develop a composite with
increased mechanical properties. It was anticipated that crack deflection toughening
by crack interaction with dispersed, hard, refractory particulates or whiskers provided
the best option. In order to invoke toughening by crack deflection, metal carbides —
TiC and SiC in both equiaxed and elongated (whisker) shapes — were employed as
dispersoids in a Si;N, + 6 w/o Y,0; + 1.5% Al,O; (AY6) matrix. Both TiC and SiC
have higher thermal expansion coefficients than Si;N,, so that the residual strain state
in the Si;N, matrix surrounding a TiC or SiC dispersoid tends to deflect an advancing
crack around the dispersoid.9:15-16




The physical properties of these dispersoid constituents are given in the follow-
ing table (Table 2) and compared with the matrix phase. '

Table 2. Properties of composite constituents

TiC Si;N, Matrix-(AY6) SiC
Young's Modulus (GPa) 430 300 420
Poisson’s Ratio 0.19 0.26 0.18
pH (GPa) 28.4 12.0 27.4
K;c (MPa.m"?) 35 4.6 4.6
%lf;;::eﬁfpznﬁgi o) 7.4 3.6 5.0

Since both TiC and SiC have higher moduli of elasticity than Si;N, the strain state
produced by elastic modulus mismatch, when the composite is under tensile load,
also tends to divert the crack around the dispersoid. In Si;N, + TiC or Siz;N, + SiC
composites under load, the residual strain and elastic moduli mismatch effects are
additive, and crack deflection is expected.

It was another objective of this investigation to develop and demonstrate fabrica-
tion methods and generate a process flow sheet. The intended use of ceramic com-
posites as structural components of automotive engines requires a process capable
of producing complex parts in high volumes. Forming of green parts by injection
molding and densification by hot isostatic pressing were considered to be process-
ing techniques capable of meeting the above goals. A CATE (DOE-Ceramic Applica-
tions in Turbine Engines program) turbine blade, because of its complex shape, was
considered a suitable part for process demonstration.

I. MATERIAL CHARACTERIZATION AND DEVELOPMENT
PRECURSOR MATERIALS

The results of chemical analysis of the precursor materials used in this study, along
with the examination method, are given in Table 3. For the ARCO SC-9 SiC whiskers,
examination of small aggregates of particulate matter by Scanning Transmission Elec-
trical Microscopy (STEM) showed the majority of the impurities were contained in these
particles and not at the surface of the whiskers. Phase analysis for the materials was
determined by x-ray diffraction. The ARCO SiC whiskers were found to be composed
of a major phase of 8, 8F and minor «, 4H/8H, while the Lonza SiC and Cerac SiC




particulate materials were found to be «;12H. The SiC whiskers had a surface area,
determined by BET, of 3.3 m2/g with average length of 17.5 um and average diameter
of 0.63 um. The size distributions as determined by quantitative image analysis from
SEM photomicrographs are seen in Figure 4a.

Table 3. Impurities in precursor powders

Impurities, Wt. %
Precursor Metals . Nonmetals
Powder Al , Mg ‘ Ca l Fe ' Cr ' Ni l Mn | Mo Free Si [Free C 0. | Cl
Emission Spectroscopy XRD CTC,Leco [NAA|XRF

SiaN.2 <0.01 [ND - <0.05 |ND ND Nd 0.005 <1.0 ND 1.5 | <0.05
SiC(W)b <0.1 |0.1-03 0.1-0.3 <01 (<01 |<0.1 [0.1-0.3 ND ND 0.36 1.78 |ND
sic(P)© 0.09 0.002 ND 0.02 ND <0.01 (0.001 ND ND 1.00 0.81 [ND
SiC(P)d 0.02 <0.003 |ND 0.07 ND 0.008 |<0.001 |ND ND 0.60 0.31 [ND
Tic(w)®© ND ND ND 0.07 0.39 0.22 ND ND ND 0.19 0.50 [ND
TiC(F’)f <0.01 [ <0.001 [ND 0.01 <0.02 [ <0.01 | <0.001 {ND ND 0.07 0.40 |ND

3SN-502, GTE Chemical and Metallurgical Division, Towanda, PA
Silar SC-9, originally ARCO Chemical Co., Greer, SC, now owned by Tateho USA.
CUF-15 Lonza, AG, CL-4002, Basel, Switzerland
Cerac, Milwaukee, WI
EGTE Laboratories Incorporated, Waltham, MA
fca Crade Hermann C. Starck Berlin, NY, NY

The Lonza SiC had a mean particle size of 0.5 pm and a surface area of 16.5 m2/g,
while the mean particle size of the Cerac material was 8 pm and surface area 0.3 m2/g.
The surface area of the TiC powder was 1.89 m?/g. The TiC whiskers had an average
length of 275 um and average diameter of 5.1 pm. Figure 4b shows the length and
diameter size distributions.

The SizN, powder (GTE SN502) typically contained ~ 95% «a-SizN, and =65% -
SizN,, with an initial surface area of 4.0 m2/g measured by BET. The particles had
an acicular morphology. ‘

POWDER PROCESSING

The baseline Si;N,-AY6 material was milled and screened prior to hot pressing.
For the particulate composite materials, this composition was milled with the appro-
priate content of SiC and TiC. Silicon nitride grinding balls were used in all milling
steps. To reduce breakup of the SiC and TiC whiskers during milling, an alternative
processing route was employed (Figure 5). This process produced good dispersion
of the whiskers, but did cause some communition. A more detailed discussion of this
process is included in the discussion of SizN,-SiC whisker composites.

Hot pressing was carried out using BN-coated graphite dies in flowing N, atmos-
phere for the base material and the SiC composites and flowing argon for the TiC com-
posites to avoid nitridation. The hot-pressing pressure was raised to the maximum




in a stepwise fashion as the temperature increased. Maximum pressure was reached
at 1500°C and held for the duration of the hot-pressing cycle. The maximum
temperature employed for hot pressing was <1800°C.
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Figure 4. Size Distribution of Whiskers (a) SiC (ARCO SC-9) and (b) TiC (GTEL)
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TEST METHODS

Modulus of rupture samples were rectangular bars, 0.127 x 0.254 x 2.5 cm, machined
from the billets with the tensile face perpendicular to the hot-pressing direction. The
machine lay was parallel to the length of the bars and the edges were chamfered.
The tensile face of each sample was wet-polished to a 1-um diamond paste finish.

For fracture toughness measurements by the controlled flaw technique,!” ran-
domly selected groups of test bars of the monolithic and the composite materials were
precracked with a single Knoop indentation. A 100N load was used, with the long
axis of the indentation aligned perpendicular to the tensile stress direction of the bars.
The precracked samples were annealed in argon at 1200°C in order to relieve the
residual stresses produced by the indentation process.17 Test bars of the materials,
both precracked and nonprecracked, were broken in a four-point loading fixture placed
in a tungsten mesh furnace. Inner and outer loading points were 1.016 and 2.286 cm,
respectively. Room-temperature testing was performed in air and high-temperature
testing in flowing argon with a minimum of three specimens tested at each
temperature. A crosshead speed of 0.05 cm/min was used for all tests. The fracture
surfaces of each broken, precracked test bar were examined by optical and scanning
electron microscopy, and the individual induced surface flaw sizes were measured
from photomicrographs. Fracture toughness, KIC' was calculated using the relation-
ships given in Appendix 1.

Samples for indentation fracture toughness (IFT) determination8-20 were polished
sections cut from the same hot-pressed billets used for test bars. Polished surfaces
both perpendicular and parallel to the hot-pressing direction were indented for investi-
gations of anisotropy. Microhardness values were obtained using a Knoop indenter
with a load of 10N, while IFT values were determined using a Vickers diamond pyramid
indenter at a load of 100N.

The modulus of elasticity of selected materials was measured at room temperature
in directions parallel and perpendicular to the direction of applied hot-pressirig load
using the pulse-echo overlap sonic technique.

The thermal expansion coefficients of materials were determined using a
dilatometer. Samples were rectangular (0.250 x 0.250 x 1.000 in.) bars. Measurements
were made in an inert atmosphere by heating the bar from room temperature at a
constant heating rate, interrupting the heating and allowing the bar to equilibriate,
then increasing the temperature to a higher level. Seven points were selected for
measurement between room temperature and 1400°C.

The oxidation tests were conducted employing MOR bars in conventional
laboratory furnaces for 20 to 1000 hours exposure. Specimens, supported on Pt wires,
are vreighed prior to the test and after each exposure period. All oxidation exposures
were in an ambient laboratory air environment (relative humidity ~ 50%). Moduli of
rupture of oxidized samples were measured as previously described.

The resistance to creep at elevated temperature was evaluated by two methods.
Specimens, 7.6 mm by 3.8 mm dia. right cylinders, were tested in compression in
nitrogen in the temperature range 11560-1300°C. Modulus of rupture bars were
evaluated at 1200°C in a four-point loading fixture using the same spans employed




for fast fracture evaluation. Tests were conducted in air using a three-point alumina
probe and LVDT configuration to measure sample deflection.

Thermal conductivity was determined from measurements of specific heat
(calorimeter technique) and thermal difoSiVity (laser flash technique). Enthalpy-specific
heat measurements were made using the drop-tYpe_method. In this approach, specific
heat is derived as the slope of the curve describing the enthalpy temperature rela-
tionship. Enthalpy is measured with a Bunsen-type ice calorimeter. Specific heat is
then derived from the enthalpy data. Enthalpy-specific heat measurements made by
the drop ice calorimeter method conform generally to Specification ASTM-D2766-83.

Thermal diffusivity was measured by a laser pulse method. This measurement
method conforms generally to Specification ASTM C-714-72. Thermal conductivity (\)
was calculated using the following relationship:

)\'=‘auQCp

where A = thermal conductivity
a = thermal diffusivity
Cp = specific heat
¢ = density

Si,N,-TiC SYSTEM

The selection of TiC as a dispersoid to be incorporated in a SizN,-based matrix
was based on the thermomechanical properties (Table 1), which suggest its potential
to provide crack deflection in a Si;N, matrix. The chemical and structural character
of TiC was deemed substantially different from SiC to allow observation of effects of
these parameters on composite microstructure development and crack-particle
interactions. . - L ‘

Composites with Particulate TiC

Crack-particle interaction was studied in a Si;N,-TiC composite and compared
to an equivalent Al,O,-TiC composite. Residual strain produced by thermal expan-
sion mismatch in these two composites is expected to be of opposite sign.

In order to assess the residual state of stress at the interface between TiC and
ceramic matrices (SizN, Al,O3), a computer modeling approach was used. Figure 6a
shows the model, which represents a spherical particle that is integrally bonded to
the ceramic continuum. The model was reduced to a two-dimensional analysis because
of the symmetrical nature of the problem. The material properties used to compute
the residual stresses are listed in Table 4. ' ‘

The differences between thermal expansion coefficients are responsible for the
thermal strain mismatch at the matrix/particle interface. Figures 6b-g show the residual
stress when a temperature reduction of 800°C from the densification temperature is
applied to each of the ceramic composite systems. Inspection of the principal stress
distributions for the Al,O,-TiC material reveals hoop tensile stresses in the Al,O; matrix,
which increase at the interface. The principal compressive stresses are radial through
the TiC particle and matrix, with an additional hoop component in the particle region.
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In direct contrast is the Si;N,-TiC composite, which reverses the tensile and com-
pressive principal stress distribution. The magnitude of the normal stresses across
the particle/matrix interface is greatest for the Si;N,-TiC system. The resulting shear
stress (stress Xy) is essentially invariant, which results from the symmetrical problem
definition. :

Table 4. Material properties used for finite element analyses

' Modulus of Elasticity, Poisson’s Ratio Coeffici‘ent' of Thermal

Materials E (10¢€ psi) v Expansion, o (1076/°C)
Si;N, 43 0.26 3.6
AlL,O, 54 023 8.5
TiC 62 0.19 7.4

To elucidate crack-particle interaction, composites containing TiC single crystals
were prepared, indented with a Vickers indenter, and examined. Two basic TiC single-
crystal morphologies were observed in the composite microstructures, elongated rec-
tangular grains with {100} planes parallel to the straight edges of the grain and more
equiaxed pseudohexagonal cross sections of crystals whose habit is defined by a com-
bination of {100} and {120} planes. For the SizN, matrix composite, crack deflection
around these grains was generally not observed. However, cleavage steps (deflection)
were observed within some rectangular grains (Figure 7b). Crack penetration of the
TiC crystal without deflection around the grains was the pr1mary 1nteract10n 1n the
maijority of the cases observed. : :

For the Al,0,-TiC material, the crack-dispersoid interaction was observed to be
dependent on dispersoid morphology. Cracks were observed to penetrate rectangular
grains (Figure 7e) and deflect around pseudohexagonal grains (Figure 7d). Deflection-
induced crack branching was also observed.

These observations indicate that the sign of the thermal expans1on mismatch stress
affects the tendency for crack deflection to occur for TiC crystals which cleave readily
on {100} planes. The radial thermal expansion mismatch stress for TiC in a Si;N, matrix
is tensile. The addition of the tensile stress field of the advancing crack to the residual
stress may produce TiC cleavage and allow the crack front to propagate through the
dispersoid phase as observed. For the Al,O5-TiC composite, the radial thermal expan-
sion mismatch stress is compressive. Apparently this reduces the tendency for cleavage
with the appropriate crack-dispersoid orientation (Figure 7d), although crystal cleavage
may still occur if the crack front encounters cleavage planes in a specific direction

(Figure 7e).




12

JR——
18pm - x2000 30kV

(b)

Topm x1008 30KV .

o B
—————— P —————
18pym %2080 3%V ' ABpm  x200Q° 38KV

Figure 7. Crack-Dispersoid Interactions: (a-c) SizN,4 (AY6)-TiC; (d-e) Al,05-TiC

The investigations have demonstrated effective crack-dispersoid interaction and
crack deflection in both composite systems. However, the examination of a series of
composites containing up to 30 v/o TiC has shown that addition of particulate TiC
of an average size of about 2 um (Figure 8) produces no change in fracture toughness
despite observed crack-particle interaction. It was felt that absence of toughening may
be a consequence of a chemical reaction between the matrix and the dispersoid and
associated microstructural changes.
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The microstructure of Si;N,-30 v/o TiC particulate composite prepared by a stan-
dard processing schedule is shown in Figure 9a. Holding at the densification
temperature for an extended time reveals the presence of a reaction product zone
around TiC grains (Figure 9b). It has been shown?2? that this reaction zone is com-

posed of SiC and TiC, N5 crystals which form at elevated temperatures according
to the reaction

Si;N, + 6 TiC = 3 SiC + 6 TiCo.sNos + 1/2 N,. )

CRACK DEFLECTION THEORY
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Figure 8. Fracture Toughness of SizN, (AY6)-TiC (2 um) Composites As a Function
of Dispersoid Content
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Figure 9. Microstructures of SizN, (AY6)-TiC Composites Prepared by (a) a Standard
and (b) an Extended Time Processing
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At the densification temperature, the reaction can proceed (AGp = -30,000
cal/mole) until all TiC is consumed. Hence, if the reaction is carried to completion,
the properties expected from such a composite, which were based on the properties
of the starting materials and their respective (volume) quantities in the composite for-
mulation, will not be realized because of substantial changes in the phase composi-
tion. Appropriate adjustment of processing parameters (standard processing schedule,
Figure 9a) produces a composite with limited reaction, which essentially preserves
the dispersoid properties and confines the reaction to a very narrow zone at the matrix-
dispersoid interphase boundary. This limited reaction, however, affects the matrix
microstructure development. TEM photomicrographs of the dispersoid-free and the
30 v/o TiC-containing SizN, composite having the same amount of sintering aids and
hot pressed identically (Figure 10) show that the Si;N, microstructure of the TiC-free
material is characterized by larger Si;N, grain sizes and a Si;N, grain size distribu-
tion substantially broader than that of the TiC-containing composite. The silicon nitride
grain size distributions were evaluated using quantitative microscopy and are given
in Figure 11 as relationships between the Si;N, equivalent grain diameter* and its
volume percent of the total Si;N, content in each material.

(a) (b)

Figure 10: TEM Bright Field Images of the (a) Dispersoid-Free and (b) 30 v/o TiC-
Containing Si;N, (AY6) Composites

The observed difference in Si;N, grain sizes and distributions could be attributed
to the differences in the Si;N, solution-precipitation and growth behavior, which are
apparently influenced by Ti present in the glass phase of Si;N,-TiC composite as deter-
mined by EDS analysis of the intergranular glass by AEM (Figure 12).

*Diameter of a circle whose area is equal to the grain area measured from the
photomicrograph.
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posite
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One of the goals pursued in the design of Si;N,-TiC composites was to improve
the material's fracture toughness by one of the ‘“crack-TiC particle” interaction
mechanisms. As was described, the composite’s fracture toughness remained at the
level of the Si;N,-monolith at best. Crack propagation patterns in the Si;N, monolith
and the SizN,-30 v/o TiC hot-pressed composites were examined on the polished
specimen surfaces cracked with a single Vickers indenter using 100 N load (Figure
13). The patterns show that amplitude of crack deflection in the composite matrix is
considerably smaller than that observed in the monolith.

The matrix of the Si;N,-TiC composite is characterized by a Si;N, grain size (0.17
pm) that is less than half that of the monolith (0.37 ym), and the crack propagation
path through the fine grain material, fracturing intergranularly, should be less tor-
tuous than in a coarser grain counterpart (Figure 13). Figure 14 gives an example of
an intergranular crack path.

(a) (b)

Figure 13. Crack Propagation in (a) a Si;N, (AY6) Monolith and (b) a Si;N, (AY6)-20 v/o
TiC Composite

In a material with a typical intergranular fracture, it is reasonable to expect that
the energy expended to propagate the crack is directly proportional to the frequency
and amplitude of crack deflection. Crack length (surface) does not increase with an
increase in grain size (Figure 15).

In a homogeneous elastic solid, fracture toughness KIC is directly proportional
to the square root of the product of elastic modulus and the energy (v) required to
create a new surface: ‘

Kic = V2Ey o )

However, in polycrystalline ceramics, surface energy calculated from experimen-
tally determined values of Kjc and E varies broadly from those calculated from bond
strengths. The difference is due to the presence of intergranular fracture and grain
size/shape effects. It seems then plausible to assume that if a polycrystalline solid frac-
tures intergranularly, the measured fracture toughness is proportional to the product
of intergranular bond strength (surface energy for intergranular fracture v;) and a func-
tion of grain size and shape, f(D):
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Figure 14. Intergranular Crack Path and Deflection in a Matrix of SizN, (AY6)-30 v/o
TiC Composite
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Figure 15. Model of Crack Deflection Dependency on Grain Size
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K; = \/2Ey; (D) @)
The expected change in fracture toughness due to grain size can then be expressed
as

dKc = EydfD)Ke ~ df(D) = f(D)dD o | @)
or LT S R -
dK; = VEy2ED)-df®). .. - . R ®)

If we assume that f(D) in the absence of grain shape change is simply D to cal-
culate the change of K due to change of grain size (w1thout change in fracture mode
and v;), one would only need to know Kcand D values for « one basehne structure K'E;,
D°, then :

dKc = %2 KGdAfD)ED)D) g ©)
and substituting f(D) = '

dK¢ = % KgG(dD/I/DDO). ' 7
For small changes in grain size, eq. (7) below provides a good approximation: (20)

dKg =~ Y2 KG(dD/D°) | ®)

Remembering that the relationships above were derived for intergranular frac-
ture only, assessment of grain size effects in real structures has also to consider their
diminished contributions in mixed mode fracture, which would, for example, i ina 50:50
intergranular/transgranular mode reduce the dK¢ by one half.

Based on these assumptions, the fracture toughness of the composite can be
similarly estimated using appropridte fractional contributions of the matrix and disper-
soid grain size. According to this analysis, if there is no change in fracture mode or
other microstructural features, the interaction of the advancing crack front with finer
dispersoids (i.e., smaller than the matrix grains) should result in a toughness reduc-
tion and its interaction with coarse dispersoid in an increase of the composite frac-
ture toughness due to the change in amplitude of crack deflection. This model has
made it easier to rationalize the toughening behavior in various composite ceramics.

According to the proposed relationship, eq. (7), the expected change in fracture
toughness (AK() due to grain size is

AKq = CKg(D/D-1). | ©)

A typical indentation fracture toughness value measured on a hot-pressed Si;N,
monolith is K& = 4.1 MPasm¥2 (IFT), with the average Si;N, grain size D° = 0.37 pm.
The expected change in fracture toughness, due to reduced grain size (D = 0.17 ym),
is represented by AKn = -0.5 MPaem%2. This calculation assumes 50 % intergranular
fracture (see page 16 ). Assuming that there is no major change in the relative amount
of energy required to fracture the intergranular phase or in the amount of an inter-
granular fracture, the fracture toughness of 4.3 (30 v/o) MPa.m"2 measured for Si;N,
- 30 v/o TiC composite is a product of fracture toughness provided by the crack deflec-
tion in SizN, matrix and by TiC dispersoid, where TiC provides toughness increase
over the Si;N, monolith of finer (0.17 pm) grain size. Although it is clear from the discus-
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sion presented above that incorporation of a hard dispersoid of a given (2 pm) grain
size into Si;N, matrix could potentially provide an increase in the composite fracture
toughness, this effect is paralleled by the lower fracture toughness as a result of a
finer Si;N, grain size due to the Si;N,-TiC reaction during densification. This effect
may be reduced through utilization of coated TiC dispersoids.

The properties of Si;N,-TiC particulate composites are summarized in Table 5.
Addition of TiC increases the elastic modulus and decreases the Poisson’s ratio.
Modulus of rupture is also reduced. This reduction can be attnbuted to an increase
in flaw size due to TiC partlcle agglomeratlon -

Table 5. Mechanical properties of SizN, (AY6_)‘ — TiC particulate composites

| Young's _ Shear  Bulk
MOR IFT Modulus Poxsson s Modulus Modulus
Material  (MPa) (MPa.m”?) (GPa) Ratio. (GPa) (GPa)
AY6 773+67 4101 297 027 - 116 218
AY6+10 vio TiC 669+41 4101 317 028 124 240
AY6 + 20 vlo TiC 557 +42 4.1+03 - 332 026 132 228
AY6+30vio TiC 582435 43:02 349 024 141 225

Composites with TiC Whiskers

Preparation of the composites containing TiC whiskers followed the procedures
previously described and illustrated in Figure 5. For 10 and 20 v/o whisker loadings,
hot pressing to full density was achieved in 100 minutes, while 220 minutes was
required for the 30 v/o composite. The measured densities for all three compositions
were greater than the values calculated using the rule of mixtures for the individual
components. X-ray analysis of all hot-pressed billets showed the presence of 8-SizN,,
TiC, and a solid solution of Ti(C,N). The presence of the solid solution phase may account
for the increase in the measured density values.

Processing of the TiC whiskers using the homogenization step leads to shorten-
ing of the whisker. Figure 16 shows the shortened whiskers in a low volume loaded
hot-pressed composite. This figure also illustrates the range of wh1$ker sizes (dJameters
and lengths) which were observed.

Densification of the whisker-containing composite, due to retarded part1cle rear-
rangement, required extended sintering time, which increased the extent of matrix-
dispersoid chemical reactions. Large whisker size and reactions with the matrix
adversely affect the strength of the composite (Table 6).
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Figure 16. Microstructure of a Si;N, (AY6) + 10 v/o TiC Whisker Composite

Table 6. Mechanical properties of Si;N, — TiC whisker composites

o Young's ~ Shear  Bulk
‘ MOR  IFT  Modulus Poisson's Modulus Modulus
Material  (MPa) . (MPa-m”) (GPa) Ratio  (GPa) (GPa)
AY6 +10 v/o TiC 412+24 4.1+0.1 ‘ ‘291 . ; ' 0.25 117 192
AY6 +20 v/lo TiC 375+17 4.4+0.2 286 ©0.23 116 177
AY6+30v/ioTiC 345+ 6 6.1+1.8 287 - 0.21 119 164

In light of the above observations, it has become é.pparel_'lt that a_i_:tainmént _of
simultaneous fracture toughness and strength improvements would require complex

process modifications. It was therefore considered more expeditious to concentrate
on the SizN,-SiC system.
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Si,N,-SiC SYSTEM

The high modulus of elasticity of SiC and the stress produced by elastic modulus
and thermal expansion mismatch at the matrix-dispersoid interface is expected to
invoke the crack deflection mechanism. Higher chemical stability of SiC in contrast
with TiC provides for better control of microstructure development during densification.

Composites with Particulate SiC

The fracture toughness of the Si;N, composites containing fine (= 0.5 um APD)
SiC particles, as measured by the controlled surface flaw technique, was found to
decrease with increasing dispersoid content, while that of the composites containing
coarser (8 um APD) SiC particles was observed to increase slightly up to 30 v/o dispersed
second phase (Figure 17). However, the limited increases in fracture toughness deviated
considerably from predictions based on toughening models. Since dispersoids have
to meet a certain minimum size requirement, with respect to the matrix grain size,
as well as elastic modulus and thermal expansion coefficient mismatch criteria in order
to effect toughening by crack deflection, the matrix grain size is apparently larger than
0.5 um and somewhat smaller than 8.0 ym. Therefore, it is expected that if there is
no change in fracture mode or other microstructural features, the interaction of the
advancing crack front with the finer dispersoids, i.e., smaller than the matrix grains,
would result in a reduction of the composite fracture toughness due to the diminiched
amplitude of crack deflection.
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Figure 17: Room-Temperature Fracture Toughness of SizN, (AY6)-Based Composites
Containing 0.5 pm or 8.0 um SiC Particles

The addition of coarse SiC particles with a size larger than the matrix grains would
in turn be expected to increase the fracture toughness of the composite. These obser-
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vations are supported by other published data for Si;N, matrix-SiC particulate com-
posites,’2 containing various sintering aids. The fracture toughness of SiC-Siz;N, com-
posites has been observed to decrease with increasing concentration of submicron
SiC.2 Another study? has indicated that smaller dispersoids of a 5-9 pm particle size
do not promote toughening, but indeed decrease the fracture energy (toughness).
Increases in toughness were observed only for coarse, 32-um dispersoids (Figure 18).
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Figure 18: Fracture Energy of SiC Particulate/Si;N, Composites As a Function of
Dispersoid Content and Size!

Since processing in the presence of a dispersoid alters the matrix-microstructure
development during consolidation, rationalization of the above results would require
complete characterization of the composite microstructure. It is nevertheless con-
ceivable that toughening of Si;N, ceramics may require relatively coarse particulate
dispersoids, since the effective grain size in the monolithic materials is amplified by
the acicular nature of Si;N,, which reduces the effectiveness of equiaxed particulates
as toughening agents. Under these circumstances, use of whisker dispersoids pro-
vides a better option.

Silicon nitride composites with SiC particulate dispersoids densified readily. Com-
paction rate in hot pressing was only slightly lower than that of matrix material. Com-
posites with dispersoids of 8 um average paniclé size exhibited strength equal to or
higher than that of the base monolith (Table 7), and while they appeared to have
somewhat higher strength at 1000 °C, their MOR at 1200°C was essentially equivalent
to that of the monolith. The fracture toughness dependence on temperature showed
a similar trend.
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Table 7. Fracture toughness, modulus of rupture, and elastic constants of SizN, (AY6)
composites with SiC (8 um) particulates at room and elevated temperatures

Fracture Toughness (MPa.m"2)*

Material 20°C 1000°C 1200°C
AY6 46+ 0.2 49+03 6.1
AY6 + 10 vlo SiC - 5.0 + 0.6 59+01 = 5.9
AYS6 + 20 v/o SiC 48+0.1 59:+01 58
AYS6 + 30 v/o SiC 4.9+ 0.2 5.7 +0.1 5.7

Modulus of Rupturé (MP&)

Material 20°C 1000°C 1200°C
AY6 773 + 67 585 + 14 , 486 + 43
AY6 + 10 v/o SiC 950 + b6 778 + 6 517 + 12
AY6 + 20 v/o SiC 763 + 67 715 + 62 451 + 33
AY6 + 30 v/o SiC 885 + 64 809 + 31 466 + 7

Young’s Shear Bulk
Modulus Poisson’s Modulus Modulus

Material (GPa) _ Ratio (GPa) (GPa)
AY6 + 10 v/o SiC 320 0.26 127 225
AY6 + 20 v/o SiC 338 0.25 136 223
AY6 + 30 v/o SiC 336 0.25 134 225

*Controlled flaw technique

Composites with SiC Whiskers

Powder Processing. Processes for whisker fabrication are still being developed

and yield materials with broad size distribution. As-received whiskers contain sub-
micron particles and, more importantly, large particles and hard whisker aggregates.
These aggregates and particulates, if processed into the composite, may act as a frac-
ture origin and reduce the composite strength. Particles of various sizes were separated
using a sedimentation column, which allows removal of whisker/particle suspension
at three different levels. For a given time of settling, the top portion of liquid contains.
the finest particles and floating debris, the bottom portion, the largest particles, which
are to be removed, and the middle, a range of sizes between the two.
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Figure 19 shows particulate material obtained from the top section of the column.
SEM/EDS analysis of these particles shows the presence of Zn, Mn, Mg, K, Ca, and
P, which are probably remnants of the whisker precursor.

]
108 um x188 30KV
Figure 19: Particulate Material Contained in ARCO SiC Whiskers

Whiskers were separated with a minimum of 98.8% of the material being recovered
after separation. Table 8 shows the average length and relative amounts in each sec-
tion (top, middle, and bottom) for a typical separation, using a settling time which
would allow particles with a 10-um radius or larger to settle to the bottom of the col-
umn. It was not anticipated that whiskers could be sharply separated by size using
such a column. Approximately 70% (middle section) of the starting material was
deemed of appropriate quality for composite fabrication.

Table 8. Average whisker lengths and relative amounts obtained from
separated column levels

Material Average Whisker Length (1m) After Separation

As-Received Top Middle Bottom
ARCO (SC-9) 175 +12.6 19.0 + 8.7 175 +9.5 293 + 145

Relative Amounts of Whiskers (%) After Separation

Top Middle Bottom
ARCO (SC-9) 29.7 68.3 1.9
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Initial composite powders were preparéd by simple dry mixing of preprocessed
Si;N, + 6 w/o Y,0; + 1.5 w/o Al,O, with the as-received SiC whiskers. Microstruc-
tural observation of polished sections from hot pressed samples showed poor disper-
sion of the whiskers. To obtain better whisker dispersion, the processing route pre-
viously described was used. This process produced excellent dispersion in the hot
pressed composite (Figure 20).

Figure 20: Microstructure of SizN, (AY6)—20‘vlo SiC Whisker Composites

To determine the extent of damage to the SiC whiskers during processing,
whiskers or whisker/powder mixtures were sampled after different process steps, and
the lengths were determined from SEM photomicrographs. Table 9 gives the results
of whisker length measurements and the resultant whisker aspect ratio (L/D) at various
process steps. As-received whiskers have an average diameter of 0.53 + 0.19 um.

Testing after homogenization, which is the harshest processing step, shows the
SiC whisker lengths reduced by a factor of = 3. Examination of the whisker lengths
from a fully dense hot-pressed sample confirms the observation and indicates that
limited decrease in lengths may be occurring during hot pressing.

The mechanical properties of composites containing 30 v/o of as-received SiC
whiskers are given in Table 10. As can be seen, the application of as-received whiskers
results in a =~ 20% reduced MOR, despite up to 40% increased fracture toughness
over that of base AY6 material.
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Table 9. Characterization of SiC whisker lengths after various process steps

Average Length (um)/

Processing Step No. of Whisker Counted Aspect Ratio
As-Received 17.5 + 12.0/1574 33
After Sedimentation 175 + 9.4/1430 33
After Homogenization 5 + 3/1439 10
Hot-Pressed Composite 6 + 3/1180 12

Table 10. Mechanical properties comparison of Si;N, (AY6)-30 v/o SiC whisker com-
posites containing As-received or separated whiskers

Calculated
Material Kic (MPa-m‘lz) MOR (MPa) Flaw Size (um)
As-Received 6.0+0.1 597+ 5 65
Separated 6.4+ 05 975 + 39 ‘ 28
AY6 Monoiith 4.7+ 0.3 773 + 67 24

Based on these results, whisker beneficiation by water column separation was
incorporated in the process to fabricate composites.

Densification. The densification rates of the Si;N,-based materials were found

to be affected by additions of SiC whisker dispersoids. Increasing contents of SiC
whiskers were observed to decrease the densification rates of the composites relative
to monolithic Si;N,; composite materials therefore required extended times to achieve
full density.

_ To observe the differences in densification rates, the ram travel during hot press-
ing was recorded as a function of time using a dial gauge, and these data were con-
verted to relative density. Time zero for the plots in Figure 21 indicates the time when
maximum temperature was reached. The end-point criterion for each run was a
decrease in compaction rate to 2 x 10~% cm/min of ram travel, which from experience
has been found to yield high density (>99% of calculated theoretical) for Si;N,-based
ceramics.

Fracture Strength and Toughness. The room-temperature fracture toughness,

measured by the controlled surface flaw technique of SizN,-SiC whisker composites
densified by the schedules shown in Figure 21, is presented in Figure 22. Elastic prop-




- vlo —e—e—e—0——*
100 ’/\__'_'_8:__9444 20 \||° —0-0-0 .‘ng._.—o-o—o-.
— ’, ) ,’, /A» ././
g Il'\e’, o - ,o‘.-,.’
b 90 i e /A ot
> s // ,o’.’
b= ld ,’ ’./.
@ [ .-
& 8ol S/
Q T /, /
| sy
g ri/ /
E 70}?/,'
oc F v AY6
o 60 o AY6 + 10 v/o SiCW ] . ‘o
T - A . AY6 = SigNg + 1.5 w/o Al03 + 6 w/o Y503
- AY6 + 20 v/o S'_CW SiCW = SiC WHISKER (SC-9)
e AY6 + 30 V/o SiCW
50 1 | | - ! I ] 1 ]
0 100 200 300 400

HOT PRESSING TIME (min)
Figure 21: Densification of Si;N, (AY6)-Based Ceramics

erty measurements of selected materials indicated an insignificant degree of
anisotrophy and a slight increase in Young's modulus, resulting from dispersoid
additions (Table 11). The fracture toughness increased to a value of 6.4 + 0.5 MPaemY2
for the composite containing 30 v/o SiC whiskers. This represents an approximate 40 %
increase in Ky for this composite, compared to the monolith. Figure 23 compares the
fracture surfaces of the Si;N, and a 30 v/o SiC whisker composite broken at room
temperature. Numerous depressions caused by fracture around the whiskers and
occasional whisker cavities and protruding whiskers are indications that crack deflec-
tion and limited whisker pullout may contribute to toughening. Additions of whiskers
above 30 v/o further increase the difficulties in both whisker dispersion and densifica-
tion. Nevertheless, at the level of 35 v/o a fracture toughness of 8.3 + 0.7 (75% increase)
was obtained. Modulus of rupture of this composite was equivalent to that of the
baseline (AY6) monolith.
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Figure 22: Room-Temperature Fracture Toughness of SizN, (AY6)-SiC Whisker
Composites
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Table 11. Elastic constants for Si;N, (AY6) and Si;N, (AY6)-SiC whisker composites

Young’s Shear Bulk
Modulus Poisson’'s Modulus Modulus
Material (GPa) Ratio (GPa) (GPa)
Par* Per""
AY6 297 299 0.27 116 218
AY6 + 10 SiCw 311 —_ 0.28 123 228
AY6 + 20 SiCw 311 325 0.26 , 127 223
AY6 + 30 SiCw 333 340 0.26 113 234

* Par - measured in plane parallel to hot-pressed direction
** Per - measured in plane perpendicular to hot-pressed direction

« - N . ) - "
Y,03) + 10 vio SiCW (SC-9) + 30 v/o SiCW (SC-9)

1~

SigN, (2 /o Al 04 + 6 wio

Figure 23. Fracture Surfaces of Si;N, (AY6)-Based Ceramics Broken at Room
Temperature

The room temperature strength of the 30 v/o whisker composite increased by 26%
compared to the base monolith (Figure 24). Although increased fracture toughness
and strength have been reported for SiC whisker additions to alumina and mullite,13
reported results for SiC whisker additions to Si;N, have shown increases in fracture
toughness and decreases in modulus of rupture, which were attributed to large proc-
essing flaws, some of which were whisker-related, and microcracking at tips of SiC
whiskers.4 The results of the present study illustrate that simultaneous increases in
strength and fracture toughness can be achieved. Higher strength is generally observed
at room as well as elevated temperatures (Figure 25). Fractography of samples broken
at high temperature again showed evidence of both crack deflection and whisker
pullout. A change in the degree of the pullout contribution to property enhancement
at elevated temperature was not evident. :




29

1000

-900 —

700 —

600}

so0

MODULUS OF RUPTURE (MPa)

T

_.i

800 |

!

Ot

L
]

r
10

20

30

SiC CONTENT (v/o)

Figure 24. Room-Temperature Modulus of \Ruptl,ire of SizN, f(AYG):-SiC" Whisker

Composites

900

8.0 800

. 70f - 700

&

o 60- 1600
[+
=3

T {500

4.0} -400

o 7
0 10 20 30
(@) SiC CONTENT (v/o)

MOR (MPa)

1,
K, (MPa - m"?)
o ~ ®
[=] o [=]

o
=)

1

0

10 20
SiC CONTENT (v/o)

800

700

600

- MOR (MPa)
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SiC Whisker Composites at (a) 1000°C and (b) 1200°C

In order to assess the anisotropy of mechanical properties of the hot-pressed

ceramics, indentation fracture toughness was measured both parallel and perpendicular ‘

to the hot-pressing axes in a plane parallel to the hot-pressing direction and intwo

directions 90° from each other in a plane perpendicular to the hot-pressing direction.
The results (Table 12) indicate that anisotropy in fracture toughness exists for

all hot-pressed materials. The IFT in a plane perpendicular to the hot-pressing direction
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was lower in all cases than that measured parallel to the hot-pressing direction. For
the whisker-containing composites, the degree of anisotropy increased with increas-
ing whisker content, due to whisker and acicular Si;N, grain alignment.

Table 12. Indentation fracture toughness anisotropy in hot-pressed silicon nitride-
based ceramics

Plane | =PD Plane 1l HPD
IFT (MPa -m™2) IFT (MPa+m™?)
Direction
| HPD 1 HPD
Material (1) (2) (3) @
AYS6 (90 min) 41+02 34402 36402 37+02

AY6-10 v/o SiCpX (8 um) 3.9+0.3 3.2+0.2 3.8+0.2 3.8+0.2
AY6-20 v/o SiCp (8 um) 41+0.2 3.0+0.1 3.8+0.2 3.8+0.2
AY6-30 v/o SiCp (8 um) 3.7+0.2 3.0+0.2 40+0.2 40+0.2

AY6-10 v/o SiCw*X 3.7+0.2 3.56+0.1 3.8+0.1 35+0.2
AY6-20 v/o SiCw 40+ 0.1 29 +0.3 3.8+0.1 3.6 +0.2
AY6-30 v/o SiCw 48 +0.2 3.0+0.2 4.7 + 0.2 46 +0.2
pX = Particulate HPD

wXX = Whisker

s

Figure 26 illustrates the indentation-induced crack interactions with the whiskers
on planes parallel and perpendicular to the hot-pressing direction. Due to whisker align-
ment, the degree of deflection around whiskers is higher in the parallel plane. Pullout
(bridging) is observed in this plane, whereas this phenomenon is rarely observed in
the perpendicular plane, since the whisker alignment virtually precludes the possibility
of this toughening mechanism occurring in this orientation.
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Figure 26. Indentation-Induced Crack Propagation

In order to examine the interdependence of microstructures and properties of the
matrix material in this study, the base monolithic Si;N, composition was hot pressed
for an extended time to promote grain growth. This microstructural modification
resulted in an increase in the room-temperature fracture toughness from 4.7 + 0.3
MPaem'2 to0 5.4 + 0.5 MPa.m'?2, with a concomitant increase in modulus of rupture
from 773 + 67 MPa to 896 + 29 MPa for the monoliths hot pressed for 90 minutes
and 400 minutes, respectively. The increased time at densification temperature resulted
in growth of the 8-Si;N, grains, as indicated by observing surfaces of MOR bars broken
at room temperature (Figure 27), which produced increased Kjo and MOR. '

(a) 1'om (b)

Figure 27. Fracture Surface of Silicon Nitride Base Material Held at Sintering
Temperature for (a) 90 min and (b) 400 min

As with the monolithic Si;N,, variations in the densification parameters (Figure
21) of the composites are anticipated to result in differences in matrix microstructures
and hence mechanical properties. It follows that the resultant matrix microstructures
of the densified composites may not be identical in grain size distribution. Hence,
the toughening behavior observed through whisker additions would not be expected
to be a singular function such as that based on models which assume a hbmogenous
continuum matrix. The observed functional dependence consists of individual points
on a family of toughening curves, each point depending on the microstructure of the
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individual composite matrix, since the degree of toughening achieved with a whisker
dispersoid is dependent upon its size relative to the polycrystalline matrix grain size.

To test the proposed behavior, two sets of Si;N,-(0-30) v/o SiC whisker composites
were hot pressed at the same temperature using two densification schedules. The
first schedule was based on the shortest time necessary to achieve a complete a-3
Si;N, conversion and = 100% theoretical density. The second one was to extend time
to 400 min for each composition to provide the equivalent conditions for Si;N, grain
growth. The resulting microstructures were examined by quantitative metallographic
analysis, and the SizN, grain size and distribution determined from STEM micrographs
at 25,000X magnification. Figure 28 gives an example of Si,N, + 20 v/o SiC whisker
microstructure and Si;N, grain size distribution for composites hot pressed for 210
min and 400 min. Table 13 contains the quantitative metallographic analysis on all
examined composites and the associated fracture toughness values.

Table 13. Grain size and fracture toughness data of Si;N, (AY6)-SiC whisker

composites
Hot-Pressing  Si,N, Grain®*
Time Size Kic
Material (min) (pm) + O'E (MPa « mllz)
AY6 90 0.37 0.27 4.7 + 0.3»
AY6 400 0.59 0.41 54+05
AY6-10 v/o SiCw 110 0.36 0.24 44 +0.1
AY6-10 v/o SiCw 400 0.47 0.30 6.0+ 0.1
AY6-20 v/o SiCW 210 0.24 0.14 48 +0.3
AY6-20 v/o SiCw 400 0.49 032  59:0.8
AY6-30 v/io SiCw 400 0.36 0.24 6.4+05

*Equivalent diameter
**Controlled surface flaw technique

Figure 29 and Table 13 show that an increased fracture toughness of composites
hot pressed for 400 min is clearly due to the combined effect of a well-developed matrix
microstructure and the additional toughening effect of SiC whiskers. In order to assess
the applicability of the proposed relationship between the grain size and the resulting
composite fracture toughness to predict an expected composite fracture toughness
using the microstructural parameters, the Kjc of the composites listed in Table 13
were calculated using equation (7) for all seven compositions. Figure 29 indicates that
the dependence resulting from using the calculated Kjc values (the dashed lines)
approximates to a substantial degree the one based on actual measurements, despite
the assumption that both matrix and whisker dispersoid grains are equiaxed. Although




33

the average SiC whisker aspect ratio is 6.0 in the hot-pressed composites, the average
SiC equivalent grain diameter Dg; = 1.95 pm was used in the calculations.
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Figure 28. TEM Bright Field Images and the Si;N, Grain Size (Equivalent Diameter)
Distributions in the Si;N,-20 v/o SiC Whisker Composites Hot Pressed
for (a) 210 min and (b) 400 min
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Content for AY6-(0-30) v/o SiC Whisker Composites Hot Pressed for (a)
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Based on these observations, it is apparent that in the case of discontinuous com-
posites that fracture in an intergranular mode, the matrix grain size influences the
choice of the dispersoid size and, therefore, the relationship between these two should
be taken into consideration.

The actual shape distribution of Si;N, grains in AY6-20 v/o SiC hot pressed for
210 min and 400 min was evaluated using quantitative microscopy and is shown in
Figure 30. The form factor varies between zero and 1.0, with F = 1.0 corresponding
to an equiaxed or circular grain shape and 0.0 <F < 1.0 describing a deviation from
an equiaxed (spherical) toward more elongated shapes. The average aspect ratio for
SizN, grains calculated using the data from Figures 28 and 30 was f/d = 1.5 in the
210 min specimen and f{/d = 1.8 in the 400 min specimen. These data indicate that
the Si;N, grain growth rate is rather slow, that the grain growth is, for the most part,
planar, and that the Si;N, grain aspect ratio is maintained at a low and constant level,
independent of sintering time.
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Figure 30. Shape Distribution of Si;N, Grains in AY6-20 v/o SiC Whisker Composites
Hot Pressed for (a) 210 min and (b) 400 min '

Fracture Toughness-Crack Length Dependence. Mechanical property characteriza-

tion of silicon nitride-based ceramics also addressed the issue of potential rising R-
curve behavior for composites containing SiC whiskers. MOR bars of monolithic AY6
and an AY6 + 30 v/o SiC whisker (ARCO SC-9) composite were indented with a single
Vickers indentation. The indentation load was varied from 10 to 500 N and the test
bars annealed in argon at 1200 °C for one hour to relieve the residual strain produced
by the indentation process. The bars were broken in four-point loading at a crosshead
rate of 0.05 cm/min. Figure 31 is a plot of log MOR versus log indentation load. Both
materials show linear decreases in log MOR as log load increases. Linear regression
analysis of the data yields slopes of —0.3334 for AY6 and - 0.3612 for the composite.
Materials which exhibit a fracture toughness which is independent of crack exten-
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sion have a slope of —1/3 for this type of plot. Fracture toughness of both materials
is, within the limits of indentation cracks produced, independent of crack size.
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Figure 31. Modulus of Rupture of AY6-Si;N, Monolith and 30 v/o SiC Whisker ;
Comp051te with Vickers Indentations Produced at Vanous Loads

Slow Crack Growth and Creep Resistance. Figure 32 compares the strength from

room temperature to 1400°C of two AY6 materials densified as described above to
an AY6-30 v/o SiC whisker (ARCO SC-9) composite which requn'ed 400 minutes to
densify. The AY6 material hot pressed for 400 minutes retains its higher strength com-
pared to AY6 produced by standard process up to 1200°C. Both monohthlc ceramlcs
exhibit lower values of strength compared to the composite reinforced with 30 vio
SiC whiskers. The data at higher temperatures (= 1200°C) show these two monolithic
materials to be essentially equivalent in strength. In this temperature regime, the
softened mtergranular glass phase controls the mechanical properties. Fractographlc
analysis has shown that at these higher temperatures subcritical crack growth relatedv
to intergranular glass phase viscosity occurs and results in strength degradation. '
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Figure 32. Modulus of Rupture of Si;N, (AY6) Ceramics and Si;N, (AY6) + 30 v/o
SiC Whisker Composite up to 1400°C

As shown in Figure 32, the strength improvement by SiC whisker reinforcement
is retained up to 1400 °C under the fast fracture conditions imposed by the MOR test.
The increased strength at the higher temperatures appears to be related to an increased
resistance to subcritical crack growth of the composite. Fractography of controlled
flaw samples broken at 1200°C showed an increase in crack depth of 82% and half
crack length of 229% prior to fast fracture for the AY6 material hot pressed for 90
minutes. The respecﬁve increases for the AY6-30 v/o SiC whisker composite under
the same conditions were 60% and 156%.

Four-point creep tests (ambient air atmosphere) were conducted to compare
monolithic AY6 to an AY6 + 30 v/o SiC whisker composite. Figure 33a compares the
strain-time relationships at 1200 °C, 30 ksi applied stress of AY6 to the composite. This
whisker-containing composite had appreciably higher resistance to creep under these
conditions compared to the monolith. One AY6 bar exhibited substantial subcritical
crack growth, as opposed to the expected grain boundary sliding controlled creep.
This crack growth was observed to be initiated from a grinding flaw in the chamfer.
The conditions of this test are in a regime where creep and crack growth from existing
flaws are competitive mechanisms of failure for Si;N,. To further evaluate these
phenomena, test bars of both materials were precracked with 100 N Knoop indenta-
tions, which produces a surface flaw of approximately 125 ym in depth. The samples
were then annealed at 1200°C in argon to relieve indentation stresses and subsequently
creep tested at 1200°C/30 ksi. The indented AY6 bar fractured 20 minutes after the
test load was applied, while the indented SiC whisker-containing composites showed
essentlally the same steady state creep rate as had been measured for the unindented
composite (Flgure 33b). These data again indicate that the addition of SiC whiskers
to Si;N, decreases the material's susceptibility to slow crack growth and demonstrates
that the flaw sensitivity of the composite is greatly reduced under operatmg condl-
tlons which may be encountered in heat engine apphcatlons
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The effect of dispersoid morphology was also evaluated (Figure 33c). The resistance
to creep of AY6 was appreciably reduced by the addition of 30 v/o SiC particulates
(= 8 um). The effect is thought to be due to the substitution of equiaxed SiC particles
for acicular 8-Si;N, grains, which should enhance grain boundary sliding. Figure 33d
compares results for AY6 and the SiC whisker composite at 1200°C/30 ksi to those
obtained for the composite at 1200°C/40 ksi. The creep rate of the composite at the
higher stress is equivalent to that of the monolith at the lower stress. These results
indicate that at 1200°C the AY6 + 30 v/o SiC whisker composite can be subjected
to 30% higher stress than the monolith, at which point both have equivalent resistance
to creep.

The results of compressive creep studies conducted in collaboration with North
Carolina State University22 on 20 v/o SiC(w) composite have shown that, although the
fast fracture strength is increased at 1200°C and above by whisker additions, under
conditions of low compression strain rate, the steady state creep resistance of the
monolith and composite are essentially the same at 1200 °C, while the composite creeps
faster at 1250°C (Figure 34). This behavior under compressive creep conditions has
been attributed to an increased stability of the intergranular glass phase of the com-
posite due to impurities contained in the ARCO SC-9 whiskefs, which reduces its ten-
dency to crystallize. Under the conditions employed in this testing, a four-hour anneal
at the test temperature prior to test initiation, the monolithic AY6 was shown by TEM
to contain a much larger percentage of devitrified glass phase compared to the com-
posite. Hence, initially at 1260 °C (1520 K) the composite exhibited a higher creep rate.
This may also be related to whisker orientation effects, since compressive ioad was
applied parallel to the hot-pressing direction, i.e., perpendicular to the plane in which
whiskers are preferentially aligned. TEM analyses of tested specimens have indicated
that the glass phase of the composite continues to devitrify during testing.
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Figure 33a. Results of Four-Point Creep Evaluation for Monolithic SizN, (AY6) and
Si;N, (AY6) — 30 v/o SiCw Composite
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Figure 33b. Comparison of Si;N, (AY6) and Si;N, (AY6)-30 v/o SiCw Composite
and Precracked Composite in Four-Point Creep
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Figure 33c. Effect of SiC Dispersoid Morphology Equiaxed Particle (p) vs Whisker
(w) on the Creep of Si;N, (AY6)-Based Materials
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Figure 33d. Four-Point Creep at 1200°C of Si;N, (AY6) and Siz;N, (AY6)-30 v/o SiC
Whisker Composite

Stress x 1071 (MN/nd)

-7 6.3 10.0 15.8 25.2
10 1 i ] T
"520K {SiC Nmsker/SxN)
°1520k (SiN)
470k (st nisker/si)
7K (81 N)
T
Kl
a
3
o
c
[~%
o -8
e 10 " |
[x] . *
w n=0634%0.12
-
o
2
w
=
R =]
©
]
wy
+
n=1.47£0.11
1079 Lt Do Ll

1.6 1.8 2.0 2.2 2.4 2.6
Log Stress

Figure 34. Steady State Compressive Creep Test of Si;N, (AY6) and a Si;N, (AY6)
30 v/o SiC Whisker Composite (after R.D. Nixon, et al.)
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Oxidation Resistance. The oxidation of an AY6 + 30 v/o SiC whisker composite

was evaluated relative to standard hot-pressed AY6 (Si;N, + 6 w/o Y,0; + 1.5 wlo
Al,05) up to 1000 hours of exposure to ambient air at 1200 °C. The results (Figure 35)
show that the long-term (>500 hour) oxidation resistance of the composite is equivalent
to AY6. The small difference is most likely related to dilution of the (Al,O; + Y,0,)
sintering aid by substitution of SiC for the blended AY6 powder. The data show that
the oxidation of AY6 was not adversely affected by the addition of ARCO SC-9 SiC
whiskers.
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Figure 35. Ambient Atmosphere Oxidation at 1200°C of 813N4 (AY6) and an Si;N,
(AY6) + 30 v/o SiCw (SC-9) Composite

The study of oxidation resistance of AY6 and AY6-SiC whisker composites was
supplemented by the examination of the oxide scales formed after 200 hours of oxi-
dation in air at 1200°C. Using Auger Electron Spectroscopy (AES) and x-ray diffrac-
tion (XRD) phase analysis, the oxidation products were examined while attached and
after being mechanically separated from the bar surface. The oxide scale thickness,
as determined by AES, was found to be =~ 2 pm for both materials. The elemental pro-
files through the oxidation layers (Figure 36) show that in either material the scale
is composed of two distinct sublayers. The outermost layer was found to be yttrium-
enriched to a thickness of = 1500 nm (1.5 um). Below this layer the yttrium signal
gradually decreases to the background level. The oxide layer on the AYG6-SiC(w)
specimen revealed the presence of carbon and calcium throughout the entire layer.
However, beyond the oxide-ceramic interface the calcium signal drops to almost zero,
while the carbon increases considerably and then levels off. Neither carbon nor calcium
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was detected in the AY6 specimen. Examination of the Si peak energy position and
the peak shape in the AY6-30 v/o SiCw specimen has indicated a complete Si-O bond-
ing in the outermost oxide layer (60 nm into the layer), a mixed Si-O, Si-C, and Si-N
state in the middle of the layer (960 nm), and a predominantly unoxidized Si-N and
Si-C bonding in the bulk of the specimen (2410 nm = 2.4 ym into the specimen).
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Figure 36. Auger Elemental Profiles Through the Oxide Scale Formed on the S13N4.
(AY6)-—30 vlo SiC Whisker Composite After 200 hr Ox1dat10n in Stat1c A1r
at 1200 °C

The phase composition of the oxide deposits, as determined by the XRD phase.
analysis, was similar for both specimens in that the y-Y,Si,0, was the major and
SiO,-low quartz the minor phase identified. A yttrium enrichment of the outermost
layers in both specimen scales, ‘coupled with the Y,Si,0, found by XRD, pomts out
that needle-like crystals of yttrium silicate form as a result of dev1tr1flcat10n of glass
in the near surface region (Figure 37). -

Calcium detected in the scale on the AY6-SiCw comp051te apparently d1d not form?
any crystalhne compounds under the employed heating and cooling conditions. The
changes in the position and shape of the silicon peak through the scale depth indicate_
continuous change in the phase composition of the oxidation products. The c,arbon'
profile through the oxide layer and into unoxidized composite with a low but steady
signal in the scale and a considerable signal increase in the substrate ceramic, together
with the XRD results showing a relative increase in 3-SiC reflections with increasing
oxidation time, suggests that the hexagonal form of SiC is more susceptible to oxida-
tion than the B-cubic. Finally, the oxidation layer thickness measured by AES was found
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to be identical on both the monolith and the composite specimens, which is consis-
tent with the results on weight gain during oxidation reported earlier.

Figure 37. SEM Photommrograph of the Oxidized Surface Layer of Si;N, (AY6)-30 v/o
ARCO SiC Whiskers (100 hr, 1200°C, Static Air)

Thus, despite the differences during oxidation found in the make-up of the oxi-
dation products, it may be concluded that the presence of SiC whiskers and additional
calcium impurities in the AY6-30 v/o SiCw composites does not compromise oy appre-
ciably change the oxidation behavior of this material as compared to the AY6 monolith.

The oxidation of SiC (SC-9) whiskers was examined separately. The whiskers were
oxidized in Al,O; crucibles at 1200°C in static air (=50% relative humidity) and
exhibited parabolic oxidation behavior (Figure 38). Phase analysis (XRD) of the oxi-
dized whiskers showed an increase in the amount of amorphous phase with increas-
ing oxidation time at a lattice spacing corresponding to SiO, (tridymite), which is con-
sistent with the oxidation temperature employed. It was further noted that while the
SiC whiskers in the as-received state exhibited predominantly o phase (hexagonal)
peaks, the relative intensity of 8 phase (cubic) peaks increased with increasing oxida-
tion time. This may result from preferential oxidation of the « phase.

Oxidation rate constants for whiskers, baseline silicon nitride, and the composite,
as well as the expectation value calculated for 30 v/o SiC whisker composites, are given
in Table 14. Calculated and measured values for 30 v/o SiC (whisker)-containing com-
posites are in good agreement.

The effect of oxidation at 1200 °C up to 500 hours on modulus of rupture has also
been evaluated (Table 15). While at room temperature, small variations in strength
were observed; the MOR at elevated temperature is unaffected by oxidation. Based
on these data, i.e., weight gain and MOR, the effects of oxidation on AY6 and AY6

+ 30 v/o SiC whisker-containing composites are statistically equivalent.
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Figure 38. Static Air Oxidatiqn of ARCO (SC-9) SiC Whiskers

Table 14. Oxidation rate constants '(Kp)’of inVestigated materials '

-~ “Material : : Kp (Kg/mz-secl/z)2 '
SiCw (SC-9) 3.47 x 10-13
AYE | 5.89 x 10~ 12
AY6 + 30 v/o SiCw (SC-9) . 451 x 10-12

Rulé of Mixtures S

0.7 KQYG + 03 Kgicw 4.23 x 1012
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Table 15. Strength of oxidized silicon nitride-based ceramics

Relative Modulus of Rupture
Material 25°C 1000°C 1200°C
AY6-As Ground | 1.00 0.98 0.81
AY6-Ground/Annealed * 0.98 , - —
AY6-Ground/Oxidized ™™ (100 hr) 0.93 0.97 0.81
AY6-Ground/Oxidized ™ * (500 hr) 0.98 1.01 . o4
AY6 + 30 v/o SiCw"***-As Ground 1.00 1.03 0.93
AYS6 + 30 v/o SiCw-Ground/Annealed” 0.95 — —
AY6 + 30 v/o SiCw-Ground/Oxidized " * 1.06 1.08 0.87
(100 hr)
AY6 + 30 v/o SiCw-Ground/Oxidized** 0.98 106  0.88
(500 hr)

* 1200°C/60 min/Ar
* 1200°C/Ambient Air
* ARCO SC-9

Thermal Conductivity. Tables 16 and 17 give the experimental enthalpy-tem

perature and the calculated specific heat data for AY6 and the AY6 + 30 v/o SiC whisker
composites. Tables 18 and 19 give the thermal diffusivity/conductivity data, and Figure
39 shows the thermal conductivity temperature relatlonshlp for the two materials
measured. At room temperature, the addition of 30 v/o SiC produced a 30% increase
in thermal conductivity compared to monolithic Si;N,. This difference is reduced to
15% at 1200°C.

Thermal Expansion. Thermal expansion of the baseline composite and the com-

posite containing 30 v/o SiC whiskers was measured by means of a dilatometer (Theta)
for the range of temperature from 25°C to 1400°C. Thermal expansion coefficients
of the composites perpendicular to the hot-pressing direction of both materials are
given in Table 20 and Figure 40. Linear thermal expansion of the composite is similar
to that of baseline AY6 material.
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Table 16: Enthalpy and specific heat values for SizN, (AY6)

. Eﬁthaipy

. Temperature (°C)  Cal (gm™)

Specific Heat

Cp

Temperature (°C) A Cal (gm"1 C1)-

0
26.9
98.8

252.4
398.2
545.6
703.7
900.0
1208.0

0
3.04
16.07
47.91
- 82.47

120.29 -

163.26
211.36
297.19

0
50
100

150

200
300

400

600
800

- 1000 .

1200

0.136
0.163
0.186
0.204
0.220
0.237
0.248
0.261
0.269
0.273
0.275

Table 17: Enthalpy and specific heat values for Si;N,; (AY6) — 30 v/o SiC whisker

composite

Enthalpy

Temperature (°C)

Specific Heat

‘Cp
Cal (gm™ C)

0
26.9
98.8

254.4
404.1
546.6
700.4
908.0
1194.0

Cal (gm™1) Temperature (°C)

0
3.18
15.86
48.81
84.68
121.96
163.82
215.56
300.01

0
50
100
150

200.

300
400
600
800
1000
1200

0.136
0.163
0.186
0.204
0.220
0.237
0.248
0.261
0.269
0.273
0.275
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Table 18: Thermal diffusivity/conductivity* of Si;N, (AY6)

Diffusivity Specific Heat Conductivity
Temperature (°C) F cm? g1 calg?C? wcem C1? Btu in hr? ft2 F1

28 - 82 0.0958 0.150 0.1940 134.5

929 - 211 0.0811 0.185 0.2026 140.5
264 508 0.0625 0.232 0.1959 135.8
429 805 0.0492 0.250 0.1661 115.2
653 1207 0.0422 0.264 - 0.1504 104.3
819 1506 0.0366 0.270 0.1332 92.4
985 1805 0.0343 0.273 0.1264 87.6

1106 2022 0.0310 0.274 0.1147 79.5
1200 2092 0.0288 0.275 0.1070 74.2

Table 19: Thermal diffusivity/conductivity* of SizN, (AY6) — 30 v/o
SiC whisker composite

_ Diffusivity Specific Heat Conductivity
Temperature (°C). F cm? g1 calg?C?! wcm? C?! Btu in hr? ft2 F1

28 82 0.1246 0.150 0.2523 174.9
98 208 0.1043 0.185 0.2605 180.6
264 508 0.0754 0.232 0.2361 163.7
431 807 0.0636 0.250 0.2147 148.9
656 1213 0.0492 0.264 0.1754 121.6
821 1509 0.0464 0.270 0.1691 117.2
986 1806 0.0369 0.273 0.1360 94.3
1110 2030 0.0351 0.274 0.1298 90.0
3200 2192 0.0335 0.275 0.1243 86.2

*Measurements made parallel to the hot pressing direction
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Figure 30. Thermal Conductivity of Si;N,, (AY6) and a SisN (AY6) + 30 v/o SC Whisker |
Composite up to 1200°C ' : R A

Table 20: Thermal expansion coefficiénts of Si;N, (AY6) and'Si;N, (AY6)
containing 30% SiC whiskers

B . _AY6 + 30% Arco . .  AY6 -
Temperature (°C) - .- (10¢/°C) - - - - (1078/°C) -

20 . . 200 - 283
Ca00 B2 T o aar
e00. . . .3El . 364
g0 " 388 a08
1000 4.16 442
1200 4.51 o a7
1400 - . . . 486 . . . 487
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Figure 40. Thermal Expansion of Baseline Si;N, (AY6) and SizN, (AY6) Containing
30 v/o SiC Whiskers As a Function of Temperature

Il. DEVELOPMENT OF PROCESS FOR COMPLEX PART FABRICATION

The process selected to dévelop and demonstrate a near-net-shape fabrication
technology capable of producing ceramic matrix composite automotive engine com-
ponents was injection molding. The system selected was the AY6 — 30 v/o SiC whisker
material because of the improved properties previously described.

Figure 41 shows the approach used in the study. Due to unavailability of ARCO
(SC-9) whiskers, it was necessary to utilize readily available Tateho whiskers for initial
compounding and injection molding trials. Once procedures were developed using
Tateho whiskers, ARCO whiskers were substituted for the final molding trials. The
results of the feasibility experiments will be discussed in terms of the five major proc-
essing steps: powder preparation, compounding, injection molding, binder burnout,
and densification.

POWDER PREPARATION

Batches of AY6 + 30% SiC whiskers for injection molding were prepared by two
process routes, preblend and compound blend. In the preblend case, dispersed
whiskers were first added to AY6, and this material was then mixed with the binders.
The alternate approach was to mix whiskers, AY6 and the binder using the high shear
mixing action of the compounder to blend the components. Microstructural examina-
tion of as-molded and HIPed parts (compounder blended powder) showed a large
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number of AY6 agglomerates which were not broken down during compounding.
Samples fabricated using preblended powders are homogeneous. Based on the above
observations, preblending was selected as the powder preparation route of choice.

COMPOUNDING

The compounding unit used throughout the feasibility study is a Haake torque
rheometer mixer. The unit measures the torque required to maintain a fixed mixing
rpm as well as an integrated total torque for each batch. Torques observed for whisker-
containing material were significantly higher than for monolithic AY6 powder. After

Substitute - 1000 gm total (INITIAL BATCH)
‘__’ ARCO IS Powder - AY8 /30 v/o whiskers
Whiskers Prep - Unseparated Tateho
. - 60 v/o loading ; increase binder
Compo.u nding | . petermine max. solids loading
Trial - Judge moldability
- Indication of Fe contamination
Alter Evaluate
Whisker Loading Suitabllity
Aspect Ratio

Injection - Airfoil & bar
. - Cavity filling
MOI‘_"ng - Surface finish
Trial - NDE for voids & cracks
Reduce
Solids
Loading

) - Normal bornout
Binder - Accelerated burnout
Burnout . - Whisker arigntation
- Density
HIP - Microst.ructure
- Properties ,

( Evaluate

Results

- Select densification method
for deliverables

Figure 41. Outline of Process Development Approach
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all powder was added, torques decreased exponentially with time to approach a steady
state value. This final value was over twice that observed for noncomposite AY6
powders. This procedure was used in initial experiments designed to identify the max-
imum solids loading level in the binder which would give a moldable mix. Mixes were
compounded containing from 52 to 58 v/o solids. The best results were obtained at
63 v/o solids. Compounding times from one to three hours were used. The three-hour
compounding was observed to minimize residual AY6 agglomerates.

INJECTION MOLDING

The injection molding machine used in all molding experiments is a Model 15S
Boy screw-type injection molder with hydraulic clamping. It has a two-zone barrel
heater and independent nozzle temperature control. Temperature control of the bar-
rel and nozzle, along with mold temperature and injection pressure, was evaluated
to maximize part yield and surface quality.

The mold employed for the majority of molding experiments was used previously
in the DOE-sponsored CATE (Ceramic Applications in Turbine Engines) program. By
altering the gate position, the mold can be configured to shoot either a single axial
turbine blade, two test bars, or simultaneous filling of all three cavities. Figure 42 shows
the fill pattern of the blade and one of the bar cavities.

Using this mold, blades and bars of AY6-containing 30 v/o SiC whiskers have
been fabricated as injection-molded composite parts. SEM examination of fracture sur-
faces indicates that the whisker integrity is maintained through the molding process

(Figure 43).

Figure 42. Series of Short Shots Showing Fill Pattern of SizN,/Binder Mix in CATE
Turbine Blade and Test Bar Die
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Figure 43. Fracture Surface of Injection-Molded Si;N,~30 v/o SiC Whisker Composite
BINDER REMOVAL

The binder was removed from the injection-molded composites by placing the
part within a supporting setter powder and heating it slowly in an inert atmosphere.
An air heat‘ing' step is used after the binder is removed to eliminate residual free car-
bon. The parts showed no dimensional changes after binder burnout..

v

HOT ISOSTATIC PRESSING

Parts were glass encapsulated prior to hot isostatic pressing (HIP) at 1750°C and
30,000 psi for 1 hour. These conditions reproducibly yield composites of greater than
99% of theoretical density. Figure 44 shows a sequence of as-molded, burned out and
HIPed CATE blades of AY6 + 30% SiC whisker composite material.
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Figure 44. Injection-Molded CATE Blades Prepared from SizN, - 30 v/o SiC (Whisker)
Composite in As-Molded, Dewaxed, and Fired State

The main observation made from the densified samples was that a systematic
and reproducible warpage occurred in the composite materials during densification.
The blades showed areas of distortion in the airfoil trailing edge, platform, and dovetail.
Test bars also showed distortion in the form of curvature along the length of the bar,
with the gate on the concave side (Figure 45).

STUDY OF DISTORTION MECHANISM

Shrinkage measurements on AY6 + 30% SiC whisker samples have shown that
shrinkage along the test bar length was smaller relative to test bar width and thickness.
This shrinkage anisotropy suggested a preferred alignment of the whiskers.

An injection molding trial was then made using SiC whiskers which had been
milled to a near equiaxed state prior to blending with AY6. This material, after HIP-
ing by the same schedule, reached the same density but had uniform linear shrinkage
in all directions (Table 21), which indicates that the whisker alignment played a major
role in nonuniform densification shrinkage.
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Figure 45. Distortion of Injection-Molded, HIPed Test Bars Containing Si;N,-30 v/o
SiC Whiskers

Table 21: Normalized densification shrinkage of injection-molded composites
containing 30 v/o SiC additions

Dimensions Unmilled Whiskers Milled Whiskers
Length 0.843 1.005
Width 1.074 1.000
Thickness 1.204 0.995

To understand the exact mechanism leading to test bar bending, a detailed quan-
titative microstructural evaluation of whisker orientation as a function of position in
the test bar was performed. Sections of the HIPed composites containing 30 v/o ARCO
SiC whiskers were cut from test bars. These sections were then mounted and polished.
Multiple regions of the samples (Figure 46) were observed and photographed using
both optical and SEM microscopy. Each whisker in a micrograph was defined by four
points, the first two for whisker length, and the second two for the diameter. Each
whisker image was digitized (Figure 47), and a computer program was used to deter-
mine aspect ratio and orientation angle for each of the approximately 200 whiskers




54

observed per picture along with their averages and standard deviations. For the bars,
the angles of orientation for all whiskers with a ¢/d ratio greater than 2 were analyzed
at different positions across the bar width. To provide a baseline against which samples
could be compared, a computer simulation was made to predict the distribution of
aspect ratios and orientations expected for randomly oriented and intersected whiskers.
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Figure 46. Regions Examined on Bar Cross Section for Whisker Orientation
Determinations

Figure 48 illustrates in schematic form the whisker alignment determined along
the bar length. The orientation observed is parabolic, but the side gate location causes
the parabolic flow and the whisker orientation to be off-center with respect to the
test bar central axis. The side opposite the gate has whisker orientation of a nature
largely parallel to the bar length, while the gate side, containing the parabola vertex,
has a greater number of whiskers orientated perpendicular to the bar length. Whiskers,
when aligned in a matrix, would restrict densification shrinkage parallel to their ahgn
ment. It is the nonsymmetrical nature of the orientation, also observed across the bar,
which is responsible for the distortion after HIPing.

Efforts to decrease the nonsymmetric whisker flow will require changes in the
gate design for the injection molding die and would be proposed for future studies.

Compounding, molding, binder removal, and densification parameters capable
of producing dense composites containing 30 v/o SiC whiskers in AY6 have been iden-
tified. These steps are represented along with powder preparation in a process flow
sheet in Figure 49. Further development of forming techniques with particular atten-
tion to mold design to eliminate warpage and optimization of densification schedule ‘
are two of the prominently important areas to be considered in future research.




Figure 47. Digitized SlC Whlskers in In]ectlon Molded and HIPed Material Showing
Onentatlon and LengthIDlameter of Each Measured Whisker

Flow <«
Direction

Detail of test bar whisker alignment

Figure 48. Whisker Orientation Model for Test Bar
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CONCLUSIONS

Improvements in strength and fracture toughness of Si;N, have been achieved
through the composite approach. '

The room-temperature fracture toughness was increased by 40 %, with a concomi-
tant 256% strength increase by the addition of 30 v/o of SiC whiskers. At 35 v/o of
whisker additions, an increase in fracture toughness of 70% was observed. Due to
intergranular fracture, the degree of fracture toughness increase was found to depend
on the matrix grain size, dispersoid content, and its size relative to the matrix. An
increase in fracture toughness can be expected with dispersoids of a size larger than
the effective grain size of the matrix (D/D° > 1).

The acicular nature of Si;N, grains reduces the effectiveness of particulate disper-
soids as toughening agents. Whisker additions offer considerably higher potential in
fracture toughness and strength enhancement.

The matrix microstructural development during densification can be affected by
the presence of dispersoids, as well as by sintering conditions. In order to interpret
the effect of dispersoid additions, it is of paramount importance that the microstruc-
tures of composites, including the matrix grain size and size distribution, be fully
characterized.

Considering the results obtained for the Si;N,-SiCw system, it appears reasonable
to expect further improvements in fracture toughness through an increase of amount
and aspect ratio of dispersed phase. This approach, in either case, is expected to
increase difficulties in processing. As was demonstrated by this work, matrix
microstructure plays an important role in determining the composite properties, sug-
gesting that further development of these composites through dispersoid additions
must be concurrent with additional matrix microstructure tailoring.

The current program has demonstrated that Si;N,-based composites containing
up to 30 v/o of SiC whiskers could be injection molded and densified by HIP to over
99% of theoretical density. This work has also pointed at several areas where further
process development is needed tobring injection-molded composites from the feasibility
demonstration stage to a technology ready for prototype fabrication. In view of the
preceding discussion, it is also apparent that additional process adaptations will be
required to accommodate and fabricate new developmental materials. This effort would
address optimization of binder system, compounding and molding techniques, and
densification procedure.
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APPENDIX 1: ENGINEERING PROPERTY DATA FOR Si;N, AND

30 v/o SiC WHISKER COMPOSITES

Kic (MPa-m'2) AY6
25°C 46 + 0.2
1000°C 49 + 0.3
1200°C 6.1 + 0.1
MOR (MPa)
25°C 773 + 67
1000°C 585 + 14
1200°C 486 + 43
1400°C 197 + 4
Elastic Properties
Young's Modulus (GPa) 297
Poisson's Ratio 0.27
Shear Modulus (GPa) 116
Bulk Modulus (GPa) 218
Oxidation (1200°C/Air)
Rate Constant (kg/m2 «sec—2)2 59 x 102
MOR Normalized to Nonoxidized
Room-Temperature Value 100h 500 h
25°C 0.93 0.98
1000°C 0.97 1.01
1200°C 0.81 0.74
Knoop Microhardness (GPa)
13.8 + 0.1
Thermal Conductivity (W/cmC)
25°C 0.194
1000°C 0.126
1200°C 0.107
Thermal Expansion Coefficient
(x 107¢ °C1)
200°C 2.53
400°C 3.11
600°C 3.64
800°C 4.08
1000°C 4.42
1200°C 4.67
1400°C 4.87

AY6 + 30 v/o SiCw

6.4 +
7.7 +
85 +

975 +
819 +
597 +
257 +

335
0.26
113
234

0.5
0.4
0.5

39
64
26
25

45 x 16*2

100 h

1.06
1.08
0.87

159 +

500 h

0.98
1.06
0.88

0.1

0.252
0.136
0.124

291
3.21
3.51
3.83
4.16
4.51
4.86
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APPENDIX 2: INDENTATION FRACTURE TOUGHNESS

Based on a dimensional analysis, Evans and Charles?® derived the following
relationship:

where Kc

o ¥ o I

K, ¢/H\E = 0.15k(%)

=82 1)

fracture toughness

microhardness

constraint factor = 3

correlation factor required by the presence of the free surface = 3.2
length of a single crack measured from the center of the Vickers
indentation (Figure A2-1)

Y the size of the Vickers indentation diagonal (Figure A2-1)

o ]

2a

Figure A2-1. Appearance of Vickers Indentation and Parameters Used for K,

The equation used to calculate fracture toughness by indentation (IFT) in use at
GTE Laboratories is derived from the Evans and Charles relationship in the following
manner with a redefinition of indentation parameters.
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Figure A2-2. Appearance of Vickers Indentation and Parameters Used for IFT Deter-
mination at GTE Laboratories

n=4
Cy, = total crack length = E Cn
n=1

where ¢, are measured from the points of the Vickers indentation, not from the center
of the Vickers indentation. '

D, + D,
2

D= = average indentation size, therefore by definition

D =2ao0ora= 05D
comparing Figures A2-1 and A2-2
C(Evans and Charles) = a + ¢

- C
where ¢ = average crack length = ——42-

CliLl
a
Rearranging equation (1) yields:

K - 015k H/a_ (c)—3/2
C _—_d;—— a,

a
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substituting the redefined term yields:

0.15k Hy/a

K = — &
¢ Cr 312

1+ 2a

0.15k H+/0.5D
K [o) since a = 0.5D
c CL .32

1+ 7 o5D))

0.15k /0.5 = 0.15 3.2) (/0.5) _ 4143
$ 3 '

0.113 HJD @

IFT = K; = o .
(1 +—55)

The microhardness term, H, in both equations 1 and 2 has not yet been specified
as to type, i.e., Vickers or Knoop. Evans and Charles used the Vickers hardness cal-
culated from the Vickers indentation used to produce surface cracks. However, hard-
ness measurements made from cracked indentations can result in erroneous values.
Therefore, the GTE Laboratories procedure has been standardized using Knoop micro-
hardness with the Knoop indentations produced with a 1 kg load. The geometry of
the Knoop indentor produces crack-free indentations which are also easier to measure
and therefore less subject to measurement error than light load (<500 gm) crack-free
Vickers indentations. :

The relationship used to determine indentation fracture toughness (IFT) is then

K, = IFT = 0'1130 HVD @)
L
—=~13/2
(1 +—55-)
where:

H = 1 kg Knoop microhardness (GN/m?)

D = average Vickers indentation diagonal size (um),
Cy, = sum of four cracks emanating from the four corners of a Vickers inden-

tation (um)

The measured crack lengths and average diagonals produced by the 10 kg Vickers
indentation are shown in Table A2-1 for Si;N, and Al,O;-based materials. Also included
are the average Vickers and Knoop microhardness values for each material. For a given
load, the diagonal of a Vickers indenter is about one third of the length of the Knoop
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indenter due to the differences in indenter geometry. This affects the calculated values
of microhardness with the Knoop values being approximately 15 % less than the Vickers
values for the same material. Consequently, the value of fracture toughness calculated
using the expression previously given, which contains a hardness term, is dependent
upon microhardness technique; i.e., the IFT values calculated using Knoop microhard-
ness are approximately 15 % lower than those calculated using Vickers microhardness.

Table A2-1. Indentation data and calculated indentation fracture toughness (IFT)

Si;N, (AY6) Al;,O,
Si;N, (AY6) + 30 v/o TiC Al,O,** + 30 v/o TiC

Vickers Diagonal, ym 1095 + 0.6 1044 + 0.6 1021 + 05 954 + 0.7
Total Crack Length, um 298.1 + 9.0 341.4 + 18.2 528.6 + 37.4 475.9 + 19.6

Microhardness, GPa

Vickers, HV10 15.2 + 0.3 16.7 + 03 174 + 02 20.0 + 0.4

Knoop, HK1 136 + 08 146 + 05 1562 + 08 168 + 0.7
IFT, MPa.m'2 |

using HV10  50+01 451+ 01 29+ 01 35z 0.1

using HK1 , 41 +01 403+ 02 26+ 02 303+ 02

**Fine-grained Al,O, cufting tool

An AY6-30 v/o TiC sample was indented with a Vickers indenter using a 10 kg
load, and the appropriate indentation parameters were measured. Modulus of elas-
ticity and Knoop microhardness were also measured. The IFT was then calculated
using the same data for the various published techniques (Table A2-1). The value of
IFT by the GTEL standard technique is dependent upon the microhardness tech-
nique employed. The calculated value using Vickers hardness is higher than the stan-
dard technique. Additionally, this higher value is comparable to other techniques
which employ the plastic zone correction indicating that, for ceramic materials, this
factor has little influence on the measured indentation fracture toughness. For com-
parison with published data, use of the Vickers hardness value in the calculation
is recommended.
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Table A2-2. Indentation fracture toughness of Si;N, (AY6) + 30 v/o TiC accessed
by various techniques

1) Standard  2)  IFT Using 3) Kg = 4 K

IFT Vickers Hardness Anstis, et al. Evans
45 5.0 5.0 5.2

C
1) IFT = 0.113 HD%2/(1 + L )3/2
2D '
H = Knoop Hardness, D = Vickers Diagonal, CL = Total Crack Length

2) Same formula as 1, but substituting Vickers Hardness for Knoop Hardness.

3) Kc Anstis = 0.016 (E/Hy)"2 (PIC,%?)

E = Young’'s Modulus; Hy; = Vickers Hardness; P = Indentation Load;
Co, = Length of a Single Crack = C;/4 + D/2 :

4) Kj¢ Evans

2/5
X1c (_Ig_) ] = - 1.59-0.3A-2.02A% + 11.23A3-24.97A*-16.32A°

log Hpr2

A =1 \_._C°
—og(Dlz)
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